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INVESTIGATION OF A GAs REGULATABLE HEAT PIPE WITH A 

WICKED RESERVOIR 

M. G. Semena UDC 536.58:536.248.2 

Results are presented of an analytical and experimental investigation of the char- 
acteristics of a heat pipe with a wicked reservoir as the temperature of the cool- 
ing medium, and the heat supply intensity change. 

Gas regulatable heat pipes (GRHP) with a wicked reservoir are used successfully to sta- 
bilize the temperature of heat-liberating objects operating under substantial changes in the 
thermal load (10-15-fold) and the cooling temperature, at different temperature levels [1-5]. 
The extensive application of GRHP of this kind in real apparatus is due to the high stability 
of the working characteristics, the absence of extremal situations during start-up (e.g., a 
substantial rise in the vapor pressure and temperature above their working level, as can be 
observed in structures with a wick-free reservoir when the working fluid is incident) as well 
as the comparative simplicity of fabrication. 

Gas regulatable heat pipes with a wicked reservoir are also the basis for constructing 
thermostat systems with variable thermal resistance heat pipes which have a higher accuracy 
of temperature stabilization (e.g., GRHP with electrical feedback, thermodiodes, etc. [2-4, 
6]). 

The strict dependence of the partial vapor pressure of the working fluid on the reser- 
voir temperature, which governs the circuit operation in many cases, is characteristic for 
a construction with a wicked reservoir. Using the model of a flat interface between the 
vapor and the uncondensed gas (UCG) as basis, we obtain a dependence to determine the ac- 
curacy of vapor temperature stabilization tvl , tv= on the primary parameters tcl, tc2, try, 
tr2,Vr/AVg: 

tr, + 273 t n + 273 tr2 + 273 trl + 273 tcl + 273 Vr 

(i) 

where the partial vapor pressure of the working fluid p is related to the corresponding tem- 
perature of the vapor or the vapor-- gas mixture t on the saturated curve. Equation (i) is 
based on conservation of the balance of the mass of gas for two positions of the vapor-- gas 
interface. Its solution for the magnitudes of the pressures Pva(Tv2) and pv~(Tvz) permits 
determination of the accuracy of vapor temperature stabilization Atreg = tv2--tv~, and there- 
fore, of the heat liberation source for given ratios Vr/AVg and temperature fluctuations of 
the cooling medium (tcz -- tc2) and of the storage reservoir (trz -- tr2). Balance equations 
of the form 

(2) 
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Fig. i. Stationary characteristics of a GRHP with 
a wicked reservoir: a) change in thermostat accu- 
racy asthe operatingtemperature levelrises (i) Vr~ 
AVg =i; 2) 5; 3) I0; solid curves, water, t c = 5-40 C; 
dashes, methanol; dash--dot 5-20@C); b) characteris- 
tics tv = f(Q, t c, tr) (I, 2 - computation for tr= 25~162 
and t c = 40 and 25~ 3, 4 -- computation for t r = 40~ 
and t c = 40 and 25~ B is the boundary point at which 
the vapor-- gas front approaches the entrance to the 
reservoir. Points are experimental (open circles t c = 
40@C, dark circles t c = 25~ dashed curve, computa- 
ration), t, ~ and Q, w. 

must be explained to take account of the change in heat flux delivered (QI-Qa). However, 
this requires knowledge of specific values of Q and k I and complicates the analysis of the 
operating capacity of the GRHP. In contrast to this, (i) possesses sufficient universality, 
i.e., it can be used under any heat elimination conditions in the condenser zone. 

Results of a computation using (1) under the condition t r = t c are presented in Fig. la 
for methanol and water used as working fluids and for two cooling conditions (t c = 5-40~ 
for solid curves, and t c = 5-20~ for the dash-- dot curves) and different ratios Vr/AV~(Vr/ 
AV~ =i, 5,10). A rise in the working level of the temperature results in a diminution in 
At~eg in some temperature range tv~ ~ t~ t (see points A~-As). Therefore, -v1~~ determines 
the working temperature level at which the GRHP with a wicked reservoir has the greatest 
accuracy of vapor temperature stabilization under given cooling conditions and given Vr~AVg. 
For water and methanol, the quantity t~ t lies within the limits 75-I15~ for Vr/AVg = 5-10 
and t c = 5-40~ The section of the drop in the function Atreg = f(tv~) is due to attenua- 
tion of the influence of the partial vapor pressure in the reservoir, and the rise section is 
due to an essential increase in the total pressure~ and therefore, the large changes required 
for advancement of the gas plug. The quantity t~ p~ increases with the rise in Vr/AV ~ (the 

�9 . . 1 

points A2 and A4) and dlmlnlshes with the reduction in tc2 (A~ and A2). The quantit~ Atreg 
depends on the kind of working fluid and diminishes with an increase in Vr/AVg (curves 1-3). 
The essential difference between the curves Atreg = f(tv~) for water and methanol is ex- 
plained by the influence of the physicochemical parameters of the heat carrier, which can be 
taken into account by using the gas checking coefficient kg c = r~/~ [7, 8]. The influence 
of the coefficient kg c is manifested indirectly in different kindsof the curves p = f(t) for 
water and methanol, which results in large values of Atreg for methanol in the long run. 

The limitation of the reservoir temperature fluctuations increases the accuracy of sus- 
taining the vapor temperature substantially. If tr= const, (i) takes the form 

. Pvl - -  Pc, tr + 273 

A ~  P w - - P v i  ~ t + 2 7 3  (3)  

Assumptions of a plane vapor-- gas front model, which have been analyzed well enough in [7, 
9, i0], are made in deriving (i) and (3). Equation (3) is valid under the conditions Tvl > 
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Tr ~Tc2 since there will hence always be gas in the reservoir (Pv > Pr) and the formation 
of a second vapor-gas front is eliminated. Equation (3) shows that for given tvz and tv2 
the ratio Vr/AVg will be less for low values of t r (however, t r > tel). This is achieved 
by using a different kind of cooling plant. If the condition tr ~tc2 is selected, then 
heating elements are used, which simplifies the cOnstruCtion. For a given ratio Vr/AVg the 
diminution in t r increases the stabilization accuracy. An increase in t r permits changing 
the operating temperature level of the diagram since it causes a rise in pressure in the con- 
struction. This principle can be used for thermal stabilization of units requiring a varia- 
ble stabilization temperature. 

The quantities Pv in (i) and (2) can be expressed also in terms of the mass of the UCG, 
Vr and AVg, which complicates the analysis. The use of Pv, which are directly related to 
tv, hence permits operating directly at the given temperature level and not the mass of gas 
which is a constructive (secondary) quantity. 

The thermostabilizing capacities of a GRHP are improved as compared to the stationary 
operating conditions for a periodic change in the power [ii], as well as of the cooling 
temperature to. In this case, the reservoir temperature cannot reach the extreme values 
tr; = tc~, tr2 = tc2 for a pulse change in t c in the range tc2-tc~-tc2, etc. but fluctuates 
in a narrower band between the curves tr~ = f(T) and tr2 = f(T) defined by the equations 

(4) 

t c ---- 0.5 (tc2 - - /cO [1 + (--  1)~+'l + tc~, 

where n is the order number of the cooling temperature fluctuations. The points n = 2i form 
a curve tr2, and the points n ~ 2i -- i a curve trz. The computation starts with the initial 
condition trc = tin i. The reservoir time constants t~ and t~ (T x = (mc)R, where R is the 
thermal resistance between the reservoir and the environment) depend on the cooling intens- 
ity, the type of heat insulation, and the construction of the reservoir and condenser Junc- 
tures, the specific heat of the reservoir, and can be estimated as follows: 

k 

i ~ l  

[ .  = ( ~ . ) 1 : 2 " ( ~ = F J - ~ / 2 ,  

where I i and d i are the heat conduction and diameter of the i-th layer of heat insulation. 
Applying the appropriate type of heat insulation (selecting li and di) and diminishing the 
heat transfer along the heat-pipe housing (diminishing IT, FT) we can reach very large values 
of T x, which permits diminution of the reservoir temperature fluctuations and raising the 
accuracy of diagram operation for a periodic change in temperature of the environment. 

Nonstationary GRHP modes are discussed insufficiently completely in the literature 
although they are of scientific and practical interest. The GRHP should function under 
conditions when many perturbing parameters vary with time. A model of nonstatlonary GRHP 
modes is presented in this paper, which takes account of the possibility of a change in 
Q, Tc, ~hk in time, and permits determination of the function T v = f(~) for a given heat 
pipe geometry, and therefore, of the time of GRHP arrival at the mode. This target is in- 
deed due to another approach to the compilation of the equations for nonstationary modes 
and expressions (i) and (3). 

A system of nonlinear heat-balance differential equations for the evaporator, the 
transport zone, and condenser was compiled to compute the nonstationary modes of heat-pipe 
operation. The following assumptions were made: a) the vapor--gas front has a sharp in- 
terface; b) heat outflows from the evaporator up to the arrival of the front from this zone 
are due to heat conduction along the housing walls; c) heat transfer by the vapor flux is 
realized after the vapor temperature t v' at which there is no UCG in the evaporator, is 
reached; d) the temperature drop between the evaporator wall and the vapor during GRHP opera- 
tion does not introduce substantial error in the computation of the transient mode duration. 

Cleansing of the evaporator of gas, as well as heating it as characterized by the heat 
flux 
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Q = [(mc)h s 4 0.5 (rnc)= i dt~dm + rVhsd~/dT + (~ -- �89 F= § {k~Fd~ th(f~LJi -~) (6) 

o c c u r s  i n  t h e  v a p o r  t e m p e r a t u r e  r a n g e  t c < t v < t ' .  The f r o n t  a d v a n c e s  i n t o  t he  t r a n s p o r t  
zone when t he  v a p o r  t e m p e r a t u r e  t~  i s  r e a c h e d .  T~e h e a t  f l u x  goes  i n t o  h e a t i n g  t he  e v a p o r a -  
t o r  zone, the transport zone, and the outflows: 

~-{(mC)hs+(mc)=, [ l+(1--V) Lk/L=] } + ( t v - - ~ )  [ " (v--  ~-L~ + 1 Q= 
L ~ = F =  ZkFkfkth (~Lk) j 

(7) 

When the front enters the condensation zone t v > t"v, the following equation is used 

dry 
Q = - ~  [(mc,hs q- (mc)= + e~ (mc)~ (1 - -  v)l + (~ - -  ~) kzLK (1 - -  v), (8) 

where ~ = Lg/L k and is presented in [12], and e k takes account of the difference between the 
condenser and the vapor temperatures. This system can be used in the analysis of not only 
the starting modes, but also the transients. In this case the appropriate time functions 
Q, tc, t s are substituted into (6)-(8). If the heat flux is delivered to the ewLporator 
from a source, the system of equations is supplemented by a heat balance equation for the 
source 

Q = (mc~ ~ + ts _i  ~ t~ -- qnv 
d~ .... RS Jr Renv ' (9) 

where t s is the temperature of the source and Rs, Ren v are the thermal resistances between 
the source and the evaporator, and the source and the environment. The quantity (t s -- tv)/R s 
is hence substituted into (6)-(8) instead of Q. The solution of system (6)-(9) is not dif- 
ficult when using numerical methods, and can be performed on small electronic computers. 

The assumptions expressed about the influence of the cooling temperature, the working 
temperature level, and the reservoir temperature on the vapor temperature, about the possi- 
bility of raising the accuracy of regulation for a periodic change in the cooling temperature 
were confirmed on a heat pipe (HP) wifiaa wicked reservoir with the following geometric char- 
acteristics: total length LHp = 620 mm, reservoir length L r = 170 mm, HP diameter dHp = 
13 mm, and reservoir diameter d r = 26 mm. The wick was fabricated from sintered copper mat- 
ting, has a porosity H= 92% and thickness of 2 mm in the heat supply and removal zones, 
and i mm in the reservoir. The transition of the condenser wick was accomplished by overlap- 
ping and scorching it to the reservoir wick. The working fluid Used was water, and the UCG 
was nitrogen. Experiments were conducted on the test stand described in [12]. 

The stationary GRHP characteristics GRHP tv = f(Q, t c, ts) are shown in Fig. lb. The 
GRHP was investigated at the temperature levels t v = 55 and 80~ by a change in the UCG mass 
at a 20-25 and 40~ cooling temperature and a heat load in the 5-300 W range. 

The regulation started with 5-10 W because of the high thermal resistance of the trans- 
port zone in the axial direction, which was achieved bY diminishing the housing wall thick- 
ness. As the load increased, the front was displaced from the transport zone into the con- 
denser and then approached the entrance to the reservoir. As the load increased further, 
the vapor--UCG boundary leaves the condenser zone and exerts influence on the reservoir tem- 
perature mode by increasing its temperature, and therefore, changing the slope of the curve 
t v = f(Q, tc) (the points A2-A~). 

As the cooling temperature rises from 25-40~ a rise in the working temperature level 
occurs, caused by the increase in the partial vapor pressure of the working fluid. The ex- 
periment showed that the temperature rise depends on its nominal value. Thus, the rise was 

7~ at the 50~ level, and ~ 4~ at the 80~ level. 

The construction of the reservoir in the diagram under investigation permitted varying 
its temperature by using a heater mounted in the reservoir. An increase in the reservoir 
temperature causes a rise in the characteristic t v = f(Q, t c) with a practically nonessen- 
tial change in steepness. The maximum heat flux transmitted is hence increased (see Fig. ib). 
The influence of the reservoir temperature on the temperature level grows with the rise in 
its temperature. Thus, for t r = 30~ the quantity dtv/dt s is = 0.275~176 but0.5~176 at 
the 40~ level, and 0.7~176 at the 70~ level. 
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Fig. 2. Nonstationary GRHP characteristics: a) 
start-up at an initial temperature t c (i -- Q = 
i0 W; 2 - 25; 3 - 50; 4 - 200; solid curves, ex- 
periment; dashes, computation; t c = 40~C); b) 
functioning of the construction at a variable 
cooling temperature (i, 2, 3 -- temperatures of 
the vapor, reservoir, and of cooling; 4 -- compu- 
tation; 5 -- limits for stationary conditions; Q = 
i00 W). t, ~ T, sec. 

Investigations performed without a load on the heat pipe permitted a deduction that 
the operation of the reservoir is subject to the fundamental regularities of operation of 
the GRHP supply zone: for small heat loads the thermal flux is removed by heat conduction 
and diffusion, and the vapor-- gas mixture is inside. As the heat flux increases, the gas 
concentration drops and the supply zone is cleansed of UCG and the interface emerges in 
the condenser domain. 

The starting characteristics of a heat pipe are displayed in Fig. 2a. The curves t v = 
f(T) can be separated provisionally into two domains distinguished by the temp9 of tempera- 
ture growth (approximate boundary of the points A,-As). The first period (to the point A~), 
in which the evaporator is cleansed of the UCG which emerges in the transport zone (= 80-95% 
of the time), is the longest. As the starting power grows, the start-up duration diminishes. 
For a 200-W load (curve 4), whichexceeds the maximal heat exchange in the possibilities in 
the condenser, an additional rise occurs in the temperature because of heating of the reser- 
voir (section after A,). 

Certain results of GRHP testing under cyclically varying cooling temperatures (range of 
variation 25-40~ 4-8 min period) are shown in Fig. 2b. The change in temperature of the 
vapor (curve i), the reservoir (curve 2), and the cooling medium (curve 3) is :shown in the 
graphs, and the boundaries (5) corresponding to the stationary GRHP characteristics are 
presented also. The change in reservoir temperature occurs in a narrower band than the cool- 
ing temperature, and its fluctuations diminish with the rise in pulse repetition rate. The 
quasistationary mode sets in right after the first cycle. Such partial temperature stabili- 
zation of the reservoir raises the accuracy of vapor temperature stabilization. Thus, for 
an 8-min period (4 min heating and 4 min cooling); the mean reservoir temperature was in the 
30-36~ band while the vapor temperature corresponded to 53 • 2~ as compared with • 3.50C 
for stationary conditions. 

Connecting theregulating unitto thereservoir heaterpermits animprovement in its ther- 
mal stabilization and attainment of independence of its temperature from the nature of the 
change in environment. Selected as reservoir reference temperature was tcs = 40~ which 
diminishes the energy expenditure. The power delivered to the reservoir heater should com- 
pensate for the losses at the greatest temperature drop between the reservoir and the envi- 
ronment 
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Fig. 3. Operation of a GRHP with a ther- 
mostatted reservoir for a variable cooling 
temperature: i, 2, 3, 4) temperatures of 
the vapor, reservoir, points at the end- 
faces, cooling medium, t, ~ T, see. 

Qr z~Lr (tee -- tot) tc~ -- tel = k + + Qd, (10) 

1 E l In di+l L~ 1 

i = l  

where Qd is defined by [9]. 

The stationary GRHP characteristics are shown in Fig. ib for tr = 40~ A change in 
cooling temperature from 25 to 40~ causes a 1.5~ rise in the vapor temperature level, 
which is substantially better than for a GRHP with a wicked reservoir for t r = t c = var. 

Dependences of the change in vapor temperature ~urve i) during operation of a GRHP with 
a wicked reservoir are shown in Fig. 3. Thermal stabilization of the reservoir was accom- 
plished by using a two-position regulator. The operating mode with Q = const and t c = 40 § 
25 + 40~ was examined. A diminution in t c results in the appearance of heat outflows in 
the condenser along the GRHP housing, which is related to disturbance of the isothermy of 
the reservoir (compare curves 2-3, corresponding to temperatures along the reservoir edges). 
This phenomenon is weakened substantially upon applying a high thermal resistance zone con- 
necting the reservoir and the condenser [2, 6]. Fluctuations in the vapor temperature with 
a 150C change in cooling temperature conditions were 1.5~ which is in good agreement with 
the results ofoperation of the unit in the stationary state. 

The results of experimental investigations of the stationary and transient character- 
istics were compared with computed models. Theoretical characteristics for the stationary 
conditions are shown in Fig. lb. The greatest difference as compared with experiment is 
noted in the range Q < 5-10 W, which is not a GRHP working range. The maximum heat flux at 
which the front approaches the entrance to the reservoir, but still does not act on its 
temperature model correctly estimated by the computation (compare A2-A~ with B2-B~). Suf- 
ficiently good agreement between theoretical results and experiment is visibly explained 
by the fact that the blurred vapor-- gas front does not exert substantial influence on the 
integrated characteristics tv = f(Q, t c) under given cooling conditions and the constructive 
heat pipe parameters since the mass of gas contained therein is small compared to the total 
mass of UCG in the system. Heat conduction along the housing wall also does not introduce 
substantial errors for this case. The heat flux transferred over the housing into the vapor-- 
UCG zone is = 3-5% of the flux computed by the plane front model. Computations using (6)- 
(8) for the starting modes exhibited a nature of the change in vapor temperature with time 
similar to the actual (see Fig. 2a) and permit determination of the duration of GRHP start- 
up. The existing differences are probably associated with the influence of heating of the 
heat supply zone (3-5=C) and the spiral of the ohmic heat pipe heater, the inaccurate deter- 
mination of overflows along the housing, and also diffusion processes. Calculations using 
(4) and (5) afford a possibility of determining the nature of the change in reservoir tem- 
perature (Fig. 2b), and therefore, of estimating the vapor temperature fluctuations, and 
the increase in thermostat accuracyfor a periodic change in cooling temperature. 

NOTATION 

Q, heat flux; t, temperature; p, P, pressure and density of saturated vapors of the 
working fluid; V, volume; T, time; ~x, reservoir time constant; mc, total specific heat; %, 
heat-conduction coefficient; L, length; d, diameter; F, cross-sectional area; kl, heat-trans- 
fer coefficient from the vapor to the cooling fluid referred to unit length of the condenser. 
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Subscripts: hs, heat supply zone; tr, transport zone; k, condenser zone; T, zone connecting 
reservoir and condenser; v, vapor; g, ~gas; C, cooling medium, cooling; d,,heat transmission 
by d!ffusion;h, ;heating; !, 2, minimum and maximum values of Q.and to" 
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